Environmental resistomes include transferable microbial genes. One important 24 resistome component is resistance to arsenic, a ubiquitous and toxic metalloid that can 25 have negative and chronic consequences for human and animal health. The distribution 26 of arsenic resistance and metabolism genes in the environment is not well understood. 27
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resistance genes with redundant function (i.e. acr3 and arsB; arsC (grx) and arsC (trx)) 116 would have complementary environmental abundances. Third, we asked whether 117 estimations of arsenic related gene abundance are biased by cultivation efforts, as 118 cultivation is often a research emphasis because cultivable, arsenic resistant 119 microorganisms can be used in bioremediation [17] . Finally, we tested the hypothesis 120 that sequence variants of arsenic related genes are endemic, not cosmopolitan. 121 122 123
Results 124
A bioinformatic toolkit for detecting and quantifying arsenic related genes 125
We developed a toolkit to improve investigations of microbial arsenic related 126 genes ( Figure 1AB) [14, [27] [28] [29] [30] [31] . We selected these nine genes because they are 127 markers of arsenic detoxification and metabolism [21, 25] To demonstrate the utility of our toolkit, we performed an analysis of arsenic 135 related genes in soil-associated genomes and metagenomes. We used HMMs for 136 marker genes for arsenic detoxification and metabolism to search RefSoil+ genomes, a 137 set of complete chromosomes and plasmids from cultivable soil microorganisms [36] . 138
Additionally, we used a gene-targeted assembler [35] to test 38 public soil 139 metagenomes from Brazil, Canada, Malaysia, Russia, and the United States for arsenic 140 resistance and metabolism genes (Additional File 1). Ultimately, these data serve as a 141 broad baseline of arsenic detoxification and metabolism genes in soil. 142 143
Phylogenetic distributions and genomic locations of arsenic related genes 144
We asked whether arsenic resistance and metabolism genes were universal in 145 RefSoil+ organisms [36] . Of the 922 RefSoil+ genomes spanning 25 phyla (Figure 2B ; 146 genes. Of the 25 phyla in RefSoil+, two phyla (Chlamydiae and Crenarchaeota) did not 148 have any of these genes. These phyla, however, had few RefSoil+ representatives 149 (three and nine, respectively), so other members of these phyla may have arsenic 150 detoxification and metabolism genes. Supporting this hypothesis, a Crenarchaeota 151 isolate was previously reported to oxidize arsenic [37] . Nonetheless, these data suggest 152 that arsenic related genes are widespread, but not universal, even among cultivable soil 153 organisms (Figure 2) . 154 We next asked whether 16S rRNA gene phylogeny was predictive of arsenic 155 genotypes using a test for phylogenetic signal (Bloomberg's K [38] ). No phylogenetic 156 signal was observed for plasmid-borne sequences or genes encoding arsenic 157 metabolisms (aioA, arrA, arxA); however, relatively few RefSoil+ microorganisms tested 158 positive for these genes. Despite their phylogenetic breadth (Additional Files 3 -7), 159 chromosomally-encoded acr3, arsB, arsC (grx), arsC (trx), and arsM were similar 160 between phylogenetically related organisms (false discovery rate adjusted p < 0.01; 161 observed than previously reported for this clade [21, 39, 40] . Surprisingly, there were 174 deep branches in acr3(2) that belonged to Bacteroidetes, Euryarchaeota, Firmicutes, 175
Fusobacteria, and Verrucomicrobia. Similarly, acr3(1) contained closely related acr3 176 sequences present in a diverse array of phyla (10 out of 25). Both clades had 177 present in Proteobacteria and Deinococcus-Thermus strains (Figure 3B ; Additional 179 File 4). Sequences from Actinobacteria, Proteobacteria, and Firmicutes were each 180 present in two distinct phylogenetic groups, and previous studies also observed 181 separation of arsB sequences based on phylum [39, 40] . Interestingly, our genome-182 centric analysis revealed that microorganisms with multiple copies of arsB did not 183 harbor identical copies. For example, seven Bacillus subtilis subsp. subtilis strains had 184 two copies of arsB, with one from each of the two clades (Additional File 4). arrA was also phylogenetically conserved in RefSoil+ strains, with strains from 207 Proteobacteria clustering separate from Firmicutes (Figure 6) . 208
Cultivation bias and environmental distributions of arsenic related genes 210
To gain a cultivation-dependent perspective of the abundances of arsenic related 211 genes in soils, we used inferred environmental abundances of RefSoil microorganisms 212 [41, 42] . The environmental abundance of RefSoil microorganisms, which are cultivable, 213 soil-associated microorganisms, was previously estimated by comparing 16S rRNA 214 gene sequences in RefSoil with those in soil metagenomes [41] . We used this 215 estimated abundance of cultivable microorganisms along with arsenic related gene 216 information from this study (Figure 2) to estimate the environmental abundances of 217 arsenic related genes from the cultivated bacteria. Arsenic metabolism genes (aioA, 218 arrA, arsM, arxA) were predicted to be less common in the environment compared with Whitney U test p < 0.05). For genes encoding cytoplasmic arsenate reductases, arsC 223 (grx) was more abundant than arsC (trx) (Mann Whitney U test p < 0.01). 224
To gain a cultivation-independent perspective of the abundances of arsenic 225 related genes, we examined their normalized abundance from soil metagenomes 226 ( Figure 7B ). An undetected gene does not confirm absence, so we present a 227 conservative estimate that only includes metagenomes testing positive for a gene. 228
Arsenic detoxification genes (acr3, arsB, arsC (grx), arsC (trx), and arsD) were more 229 abundant than arsenic metabolism genes (aioA, arrA, arsM, and arxA) (Mann Whitney-230 U test p < 0.01; Figure 7B ). Genes encoding arsenite efflux pumps differed in their 231 abundance with acr3 being more abundant than arsB (Mann Whitney U test p < 0.01). 232
We also observed differences in cytoplasmic arsenate reductases: arsC (grx) was more 233 abundant than arsC (trx) (Mann Whitney U test p < 0.01). 234
We explored cultivation bias of arsenic related genes with a case study 235 comparing cultivation-dependent (lawn growth on the standard medium TSA50) and -236 independent communities from the same soil. Genes in the ars operon (acr3, arsB, 237 arsD, and arsC (trx)) were elevated in the cultivation-dependent metagenome ( Figure  238 7C). Additionally, arsenic metabolism genes were not detected (aioA, arrA, arxA) or in 239 arsenic metabolism genes were detected in the cultivation-independent sample. Though 241 this is a single case study of cultivation-dependent and independent methods, these 242 results recapitulate the general discrepancies between RefSoil+ genomes and soil 243 metagenomes ( Figure 7B) . This bias has important implications for studies focusing on 244 arsenic bioremediation because cultivation-dependent studies could misestimate the 245 potential of microbiomes for arsenic detoxification and metabolism in situ. data suggests that arsM can be found in Verrucomicrobia (100%, n = 2), which is of 261 particular importance for soil metagenomes since Verrucomicrobia are often 262 underestimated with cultivation-dependent methods [43] . The mangrove sample had the 263 most even proportions of arsenic related genes ( Figure 8A) . This distribution was 264 driven by a high abundance of arsC (trx) and arrA. 265
We further examined the arsenic resistance gene abundance at individual sites. 266
We did not include arr and arx in this analysis due to limited available data. For each 267 gene, the abundance varied greatly, but replicates within one site had similar 268 abundances ( Figure 8B) . The majority of arsenic related gene sequences (99.3%) were 269 endemic and only found in one to two sites, but 24 sequences were detected in three or 270 more sites (Figure 8C ; Additional File 10). The majority (70.8%) of cosmopolitan 271 sequences belonged to arsC (grx). This analysis suggests that arsenic related genes 272 acr3, arsB, arsC (trx), arsD, arsM, and aioA are generally endemic. 273
274

Discussion 275
A bioinformatic toolkit for detecting and quantifying arsenic related genes 276
We developed a toolkit for detecting arsenic related genes from sequence data 277 that supports a variety of applications ( Figure 1A) The toolkit is scalable for additional mechanisms for arsenic resistance and other 287 functional genes of interest (e.g., methylarsenite oxidase (ArsH), C-As lyase (ArsI), 288 trivalent organoarsenical efflux permease (ArsP), organoarsenical efflux permease 289 (ArsJ) [20]), or redox transformations of elements involved in arsenic biogeochemical 290 cycling (e.g., nitrate reductase (NarG) and sulfate reductase (DsrAB) [3, 20] ). This 291 toolkit serves as both a resource and an example workflow for developing similar 292 toolkits to examine functional genes, beyond arsenic related genes, in microbial 293 sequence datasets. 294 295
Phylogenetic diversity and distribution of arsenic related genes 296
It has been conjectured that nearly all organisms have arsenic resistance genes 297
[20], and though this assumption has propagated in the literature, it had never been 298 explicitly quantified. Our data suggest that arsenic detoxification and metabolism genes 299 are ubiquitous, but not universal in RefSoil+ microorganisms (Figure 2) . It is possible for 300 these 132 organisms to have untested or novel arsenic related genes; nonetheless, 301 these nine well-characterized genes were not universally detected. Additionally, 302 phylogeny was predictive of the presence of acr3, arsB, arsC (grc), arsC (trx), and 303 arsM. This correlation suggests that taxonomy is predictive of arsenic genotype despite 304 documented potential for HGT [19, 39, [53] [54] [55] . This result could be explained by ancient 305 rather than contemporary HGT, as seen with arsM [55] and arsC (grx) [53] . Therefore, 306 we next assessed evidence for HGT by examining the phylogenetic congruence and 307 genomic location (e.g. chromosome or plasmid) of arsenic related gene sequences. Multiple, phylogenetically distinct copies of arsB were present in some RefSoil+ 323 organisms, which could be due to an early gene duplication and subsequent 324 diversification or to an early transfer event. Therefore, despite relatively lower sequence 325 variation, this arsB phylogeny suggests an interesting evolutionary history that could be 326 . Additionally, they found that arsC (grx) was 359 more abundant than arsC (trx) in cultivated microorganisms from these soils. It has 360 been posited in cultivation-independent studies that arsC (trx) is more efficient than 361 arsC (grx) and that high local arsenic concentrations result in a relatively greater 362 abundance of arsC (trx) [21, 60] . Our cultivation-dependent abundances suggest that 363 acr3 and arsC (grx), rather than arsB and arsC (trx), predominantly comprise the 364 arsenic detoxification pathway in soils. 365
To assess arsenic related gene content without cultivation bias, we examined 366 arsenic related genes in soil metagenomes. As predicted by cultivable organisms, 367 arsenic metabolism genes (aioA, arrA, arxA) were generally in low abundance while 368 acr3 and arsC (grx) were in high abundance. Estimates of genes encoding arsenic 369 detoxification (acr3, arsB, arsD, arsC (grx), arsC (trx)) were considerably lower in these 370 cultivation-independent samples. This result could be due, in part, to the large number 371 of RefSoil+ microorganisms with multiple copies of these genes (Additional File 8) . 
Arsenic related gene endemism 384
We examined the relative abundance of arsenic related genes in soil 385 metagenomes and observed differences in genetic potential for arsenic transformation 386 that could impact biogeochemical cycling (Figure 8A) . Notably, the mangrove sample 387 had the most even proportions of arsenic related genes. While the arsenic 388 concentrations in this sample are unknown, mangroves are considered sources and 389 sinks for arsenic [63] [64] [65] . This could explain the greater abundance of arsC (trx), which 390 is hypothesized to be more abundant in high arsenic sites [21, 60] . Additionally, arrA 391 encodes a dissimilatory arsenate reductase that functions in an anaerobic environment 392
[30], so its greater abundance in sediment is expected. Soil geochemical data was not 393 available for all metagenomes examined in this work, so direct comparisons of arsenic 394 14 related gene content and soil geochemistry were not possible. This highlights the 395 importance and utility of depositing geochemical data with DNA sequences. Future 396 work, however, could further examine relationships between arsenic resistance genes 397 and soil geochemical data, including arsenic concentration and redox potential. 398
We also measured whether arsenic related gene sequence variants were 399 endemic or cosmopolitan in soil metagenomes (Figure 8C) . We found that genes acr3, 400 arsB, arsC (trx), arsD, arsM, and aioA were generally endemic, suggesting regional 401 dispersal limitation. Only one aioA and three acr3 sequences were detected in multiple 402 sites. This supports a previous finding that acr3 and aioA from the acid mine drainage in 403 We developed a bioinformatic toolkit for detecting arsenic detoxification and 410 metabolism genes in microbial sequence data and applied it to analyze the genomes 411 and metagenomes from soil microorganisms. This toolkit informs hypotheses about the 412 evolutionary histories of these genes (including potential for vertical and horizontal 413 transfers) and how community ecology in situ may influence their prevalence and 414 distribution. This study reports the phylogenetic diversity, genomic locations, and 415 biogeography of arsenic related genes in soils, integrating information from different 416 'omics datasets and resources to provide a broad synthesis. The toolkit and the 417 synthesis presented here can catalyze future work to understand the ecology and 418 evolution of microbial arsenic biogeochemistry. Furthermore, the toolkit acts as a 419 framework for similar studies of other functional genes of interest. 420 421
Materials and Methods 422
Gene Selection and Functional Gene (FunGene) Database Construction 423
Marker genes can be used to estimate their potential to influence the arsenic 424 biogeochemical cycle [21, 25], so we selected nine well-characterized genes: acr3, 425 were constructed for the following arsenic related genes: arsB, arsC (grx), arsC (trx), In total, 38 soil metagenomes were obtained for this work (Additional File 1) . 503
Datasets from Centralia, PA, were generated in our research group. All other 504 metagenome data sets were obtained from MG-RAST ((http://metagenomics.anl.gov/). 505
The MG-RAST database was searched on May 15, 2017, with the following criteria: 506 material = soil, sequence type = shotgun, public = true. The resulting list of 507 metagenome data sets was ordered by number of base pairs (bp). Metagenomic data 508 sets with the most bp were only included if they were sequenced using Illumina to 509 standardize sequencing errors, had an available FASTQ file for internal quality control, 510 and contained < 30% low quality as determined by MG-RAST. Within high quality 511
Illumina samples, priority for inclusion was given to projects with multiple samples so 512 that comparisons could be made both within and between soil sites. When a project had 513 multiple samples, data sets with the greatest bp were selected. While we prioritized 514 samples with multiple datasets, several replicate samples were omitted early on due to 515 > 30% of data removed during quality filtering, and samples Illinois soil, Russian 516 data sets from 12 locations and five countries (Additional File 2). 518 519 Soil metagenome processing and gene targeted assembly 520
Sequences from MG-RAST data sets as well as Centralia sample Cen13 were 521 quality controlled using the FASTX toolkit (fastq_quality_filter, "-Q33 -q 30 -p 50"). 522
Twelve datasets from Centralia, PA, were obtained from the Joint Genome Institute and 523 quality filtered as described previously [76] . Quality filtered sequences were used in all 524 downstream analyses. For each data set, a gene targeted metagenome assembler [35] 525 was used to assemble each gene of interest. For each gene of interest, seed 526 sequences, HMMs, and reference gene databases described above were included. For 527 rplB, reference gene database, seed sequences, and HMMs from the Xander package 528 were used. In most instances, default assembly parameters were used except to 529 incorporate differences in protein length (i.e. protein is shorter than default 150 amino 530 acids) or to improve quality (i.e. maximum length is increased to improve specificity) 531 (Additional File 11). While the assembler includes chimera removal, additional quality 532 control steps were added. Final assembled sequences (operational taxonomic units, 533
OTUs) were searched against the reference gene database as well as the non-534 redundant database (nr) from NCBI (August 28, 2017) using BLAST [74] . Genes were 535 re-examined if the top hit had an e-value > 10 -5 or if top hit descriptors were not the 536 target gene. Genes with low quality results were re-assembled with adjusted 537 parameters. 538 539
Soil metagenome comparison 540
To compare assembled sequences between samples, gene-based OTU tables 541 were constructed. Aligned sequences from each sample were dereplicated and 542 clustered at 90 amino acid identity using the RDP Classifier [77]. Dereplicated, clustered 543 sequences were converted into OTU tables with coverage-adjusted abundance. These 544 tables were subsequently analyzed in R [72]. RplB OTUs were used to compare 545 community structure. The six most abundant phyla were extracted to include at least 546 75% of each community; the full community structure is available. To compare the 547 abundance of arsenic related genes among data sets, total counts of rplB were used to 548 normalize the abundance of each OTU. RefSoil+ and metagenome analyses from this work are also available on GitHub in the 568
HMM_search and gene_targeted_assembly directories respectively. 569
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